Clean energy technologies have been developed to address the pressing global issue of climate change; however, the functionality of many of these technologies relies on materials that are considered critical. Critical materials are those that have potential vulnerability to supply disruption. In this paper, critical material intensity data from academic articles, government reports, and industry publications are aggregated and presented in a variety of functional units, which vary based on the application of each technology. The clean energy production technologies of gas turbines, direct drive wind turbines, and three types of solar photovoltaics (silicon, CdTe, and CIGS); the low emission mobility technologies of proton exchange membrane fuel cells, permanent-magnet-containing motors, and both nickel metal hydride and Li-ion batteries; and, the energy-efficient lighting devices (CFL, LFL, and LED bulbs) are analyzed. To further explore the role of critical materials in addressing climate change, emissions savings units are also provided to illustrate the potential for greenhouse gas emission reductions per mass of critical material in each of the clean energy production technologies. Results show the comparisons of material use in clean energy technologies under various performance, economic, and environmental based units.
Introduction
Anthropogenic greenhouse gas (GHG) emissions have been proven to contribute to global climate change [1] . Climate change is one of the world's most pressing current issues and therefore new technologies are being developed rapidly to lessen GHG emissions [2] . In this research, several clean energy technologies which have been developed to reduce GHG emissions in the categories of electricity and heat production, buildings, industry, transportation, and "other energy", address a total of 76 percent of the total global GHG emitting sectors, as seen in Figure 1 [3] . In this paper, the following clean energy production technologies were studied to identify their critical material requirements: solar panels, wind turbines, and gas turbines; the low emission mobility technologies of fuel cells, batteries, and motors; and the energy efficiency technology of efficient lighting devices. Throughout this research, these technologies are referred to as 'clean energy technologies', recognizing that while they still have environmental footprints associated with their lifecycle, these technologies aim to be less harmful to the environment than their comparative incumbent technologies. Each of the clean energy technologies studied here contain what are known as critical materials. These are materials that have both a high level of importance to the technology's functionality as well as potential for supply disruption. Factors that may lead to supply disruption include a high concentration of the material's production geographically, the location of the resource in politically unstable regions, large environmental impacts that might be subject to environmental regulations, and/or low recycling rates. 
Literature Review

Overview of Critical Material Applications in Clean Technologies
Through literature review, critical metals, ceramics, and glasses contained in the previously described clean energy production, low emission mobility, and energy efficiency technologies are initially identified. This qualitative information is gathered from a variety of government reports, academic journals, and industry materials. The findings are discussed below and summarized in Table 1 .
Clean Energy Production Technologies
As of 2016, approximately 6% of global solar energy production is from thin-film solar, 3.8% of which is CdTe panels and 1.6% of which is CI(G)S. The large majority of solar production (94%) is comprised of mono-and multi-silicon, at 24.5% and 69.5%, respectively [5] . Each of these types of solar panels relies on a distinct set of critical materials. In CdTe solar cells, the active/absorber layer is comprised of cadmium and tellurium in a ratio of approximately 48:52 [6] . The absorber layer will typically have a thickness of approximately 1-3 µm but can be as thick as 10µm in some cases [7] . In CIGS solar cells, indium and gallium are also located in the absorber layer, which has a typical thickness of approximately 1-2.5 µm [8] . More recently, studies have examined replacing a portion of the indium with gallium so as to increase the bandgap, and allow for greater efficiency [9] . Finally, in crystalline silicon solar panels, silver is used for its low electrical resistivity in the screen-printing pastes, and tin and indium are found within the transparent conducting oxide layers [5] .
For this study, we consider the permanent magnets as the main critical material containing component in wind turbines. Approximately 23% of the globally installed wind capacity relies on those permanent magnets, which are found only in direct drive wind turbines, not the more popular geared variations. These NdFeB permanent magnets can contain neodymium, dysprosium, praseodymium, and terbium. The other 77% of globally installed wind turbines have electromagnetic generators which utilize primarily steel and copper, which are not considered critical materials, for their functionality [10] . In comparing the two primary categories of wind turbines, the gearless, direct-drive turbines considered in this study operate best at low speeds and have better overall efficiency, lower weight, and less maintenance requirements [10] . Geared turbines will tend to operate at higher speeds and on smaller turbines (<5 MW) [10] . While NdFeB magnets currently contain 29-32% Nd/Pr and 3-6% Dy, Pavel et al. estimate that they could be dematerialized to contain just 25% Nd/Pr and <1% Dy by 2020 [10] . Directly substituting other elements in place of the rare earth elements does not currently appear feasible, and therefore efforts are being focused on discovering new magnet compositions and/or using different turbines that do not rely on rare-earth-containing permanent magnets [10] . Natural gas turbines, although still utilizing a finite fossil fuel resource, are still considered in this study on clean energy technologies as natural gas is widely viewed as an imperfect step in the correct direction away from coal-based energy. The superalloy coating on the blades of the gas turbine is the portion of this technology that contains critical materials. Gas turbine blades must withstand both high centrifugal stresses and extreme temperatures [11] . The nickel-based superalloys containing rhenium and hafnium are the current solution to these extreme conditions due to their high temperature properties [11, 12] . Rhenium is often focused on during dematerialization efforts because of its use in much greater quantities than hafnium in the superalloys. Rhenium has a history of price volatility, as witnessed in the large price spike of 2007 [13] . Companies such as General Electric, that rely on rhenium, began to look at dematerialization and in-house recycling as methods of risk reduction after the immense economic losses that the price spike caused [13] . One of the factors that creates the volatility in rhenium prices is the byproduct nature of production in which 80% of rhenium is mined as a byproduct of copper [14] . Alloys have been designed containing half as much, or even no rhenium, but are unable to match the high temperature creep resistance of those superalloy blends that are currently used [14] .
Low Emission Mobility Technologies
This study focuses on several electric vehicle components for the quantification of critical materials in low emission mobility technologies. These electric vehicle components include the energy storage technologies of fuels cells and batteries, as well as the permanent magnets that are in the electric vehicle motors. Specifically, proton exchange membrane (PEM) fuel cells, seven different lithium-ion (Li-ion) battery chemistries, nickel metal-hydride (NiMH) batteries, and NdFeB permanent magnets used in electric vehicle motors are considered in this study. NiMH batteries are currently the dominant battery choice for hybrid electric vehicles, however, numbers as high as 70% of hybrid electric, and 100% of plug-in and full electric vehicles are expected to use Li-ion batteries by 2025 [15] . The materials of greatest concern that are considered in this study for low emission mobility technologies are the rare earth elements in the permanent magnets and NiMH batteries, lithium and cobalt in the Li-ion batteries, and platinum in the fuel cells [2] .
We consider PEM fuel cells as they currently dominate the fuel cell electric vehicle marketplace. Fuel cells are a clean energy technology because they are highly efficient, reduce point source emissions, and are capable of running on fuels produced by renewable resources [16] . Pure hydrogen is used as a fuel input, and H 2 O is emitted as an output. PEM fuel cells have a high power density, operate at relatively low temperatures in comparison with other types of fuel cells, and have a quick start up, which makes them good candidates for electric vehicles [17] . Platinum is utilized in fuel cells for its excellent catalytic properties; however, platinum group elements are expensive and can be considered critical, as deposits that are concentrated enough to mine economically are rare [18] .
Typically, Li-ion batteries will have a graphite anode and lithium-containing cathode [19] . The cathodes we include in this study are; LiFePO 4 (LFP), Li[NiCoAl]O 2 (NCA), Li[MnNiCo]O 2 (NMC), LiMn 2 O 4 (LMO), and LiCoO 2 (LCO). Each chemistry provides different properties, and manufacturers must take into consideration factors such as weight, material use, and cost when choosing a chemistry to use. LFP batteries have good safety and long lifespans, but may lack in specific energy [20] . NCA batteries provide high energy and power densities, however, cost and safety are drawbacks [20] . NMC batteries are gaining popularity due to their high specific energy and power, and the ability for their active materials (nickel, manganese, and cobalt) to be blended at different concentrations to adjust the battery properties [20] . This study considers NMC batteries with Ni:Mn:Co ratios of 1:1:1, 6:2:2, and 8:1:1. LMO batteries are often found in combination with NMC batteries to achieve the current required for acceleration while still maintaining the longer range of the NMC battery [20] . LCO batteries are more commonly found in electronic devices because of their very high specific energy, but short lifespan, limited thermal stability, low specific power, and high price [20] . NiMH batteries are typically cheaper and safer than Li-ion batteries, however they also usually have a lower energy density [21] . NiMH batteries typically use a cathode called AB 5 , where "A" is a rare earth mischmetal (which may contain lanthanum, cerium, neodymium, and/or praseodymium) and "B" is a combination of nickel, cobalt, manganese and/or aluminum [22] . Different combinations of these materials can be utilized to create the desired low equilibrium pressure, corrosion resistance, mechanical stability, reversibility, and hydrogen storage properties [23] .
The NdFeB magnets are the strongest known magnets and therefore are often utilized when space or weight are constraints, making them ideal for vehicle electric motors where keeping weight down is a priority [24] . While neodymium is the critical material used in the greatest quantities in these magnets, the dysprosium is important for its contribution of heat resistant properties [24].
Energy Efficiency Technologies
In representation of energy efficiency technologies, three types of light bulbs are studied; compact fluorescent lightbulbs (CFLs), linear fluorescent lightbulbs (LFLs), and light-emitting diodes (LEDs). All three of these bulb types are more energy efficient than the traditional incandescent bulbs. In these lighting devices, most of the critical materials (especially the rare earth elements) are used in the lamp phosphors [25] . The phosphor is coated onto the inside of the bulb and therefore the quantity of rare earths used often varies directly with the physical size of the bulb. The trend is especially visible for the linear fluorescent bulbs which are long and tubular [22] . Critical materials are used to create different colors in fluorescents; Eu and Y create red, Tb produces green, and Eu gives blue phosphors [26] . LEDs use less rare earths than fluorescent bulbs; however, they also contain gallium and indium in their semiconductor diodes [25] . 
Material Requirements for Meeting Climate Change Mitigation Targets
Material intensity data are often utilized to understand the larger picture of if the quantity of materials necessary to produce the clean energy technologies needed to mitigate climate change are available. For example, Alonso et al. considered rare earth elements used in wind turbines and electric vehicles. They found that to keep atmospheric CO 2 under 450 ppm, neodymium and dysprosium may experience an increase in demand by those technologies of over 700 percent and 2600 percent, respectively from 2010 to 2035 [65] . A second analysis by Grandell et al. considers potential 'bottlenecks' for critical material supply through 2050. They consider solar panels, wind turbines, fuel cells, batteries, electrolysis, hydrogen storage, electric vehicles, and efficient lighting [51] . Silver is identified as the most problematic, with potential for bottleneck issues in tellurium, indium, dysprosium, lanthanum, cobalt, platinum, and ruthenium as well [51] . According to Grandell et al., those identified bottlenecks could cause the Intergovernmental Panel on Climate Change (IPCC) renewable energy scenarios to be "partly unrealistic from the perspective of critical metals" [51] . Another study by Jacobson and Delucchi theorizes what the material impact might be if all of the world's energy were provided solely through wind, water, and solar power. Their findings show that even such an extreme system would not likely be inhibited by the availability of bulk materials, but rather other less common materials, such as neodymium, platinum, and lithium, would need to be recycled, substituted, or discovered in new deposits [2] . Finally, a study by Bustamante and Gaustad considers the case study of tellurium in CdTe solar cells [33] . Their findings show that tellurium availability is actually likely to slow CdTe adoption even based on conservative demand estimates [33] . They do find, however, that this is more likely if tellurium continues to be mined primarily as a byproduct of copper, rather than due to the overall resource quantity [33] .
Methods
In addition to identifying critical materials utilized in clean energy technologies, it is also important to know the quantity of those materials required per functional unit of the technology. The functional units created in this study differ between technologies based on the functional use of the given technology. For example, in the case of a wind turbine, it is valuable to consider the mass of critical material used per the installed power capacity, whereas for a Li-ion battery in an electric vehicle the mass of material needed per energy storage potential is more pertinent.
Once the materials with the potential to be utilized in each technology were identified, more quantitative data were gathered from literature. The quantitative portion of this study focuses on the metals identified in the initial literature review. This is due to the large portion of the critical materials that are metals, data availability, and the overlap in metals and ceramics, as it is often the metal element in the ceramic that contributes toward its criticality. The data acquired were in some cases already provided in some form of a functional unit (such as mass of material per kW of power capacity) but in other instances were provided in other units or formats such as mass of material per electric vehicle or mass per light bulb. In the results section each point in the plots represent a data point found in literature. While most of these represent different sources, in a few instances (in which a high and low value were given within a single source), both were plotted.
After carefully considering the functionality of each of the clean energy technologies in this study, it was determined that the mass of a given material per kWh would be most appropriate unit to describe the energy storage purpose of Li-ion and NiMH batteries for electric vehicles. For electric vehicle motors, solar panels, wind turbines, gas turbines, and fuel cells, the data are normalized to units of mass of material per kW of power capacity. Both of these functional units were also found, at least occasionally, in literature, further validating their usefulness. Providing data aggregation in these units will likely be most useful for academic researchers who may utilize this data for further research. Finally, for efficient lighting devices, new functional units were created to accommodate the fact the efficient lighting devices use electricity (albeit less than conventional lighting) rather than storing or generating it as with the other discussed technologies. In addition, due to the large difference between the incumbent and efficient lighting devices' lifespans and light quality or brightness (measured in lumens), those factors have been incorporated as well to generate the functional units of mass of material multiplied by the wattage input of the bulb and divided by the product of the lumens and hours of output (g-W/lumen-hr).
In cases where data were provided in mass per vehicle for NiMH battery electric vehicles an assumption of a 1.3 kWh battery was used, consistent with literature values for the third generation Toyota Prius NiMH battery [22, 66] . When data are provided in literature as mass per motor, we utilize the assumption of 130 kW for an average 2018 electric motor for battery electric vehicles (not including Tesla) [67] . We use the average without Tesla because their motor power is typically much higher than other vehicles in part due to having separate motors for front and rear wheels in their all-wheel drive vehicles [67] . There is a large range in electric motor power in electric vehicles, from the lower end with the 2018 Hyundai IONIQ with 88 kW, to the 2018 Volkswagen e-golf with 100 kW, the 2018 Nissan Leaf with 110 kW, and the 2018 Chevrolet Bolt at 150 kW, to give a few examples [68] . For efficient lighting devices, average lifespans (in hours), kW per lumen, and color rendering index (CRI) from literature were used as seen in Table 2 , below. One important concept is that the functional units can be adjusted based on the factors that an individual is interested in, and it is only necessary that any comparisons are made between like units. The three primary functional units selected are deemed to be comprehensive and useful for further study or calculations. However, in this study, two examples of how these units may be adjusted to compare different technology functionalities are also demonstrated. First, for the case of efficient lighting devices, a secondary set of units which incorporates the color rendering index (CRI) into the denominator of the aforementioned unit was created. CRI is a quantitative measure of the color reproducibility of light source when compared to natural light, where a high value indicates closer to natural light (which has a value of 100) [80] . Second, an 'emissions savings' unit is demonstrated for the three clean energy production technologies (wind, solar, and gas turbines). These units describe the greenhouse gas reduction potential per the mass of each material if utilized in each of the clean energy technologies and are calculated using Equation 1. Because the functional units for the clean energy production technologies are kW of power capacity, the calculations are based on one hour of electricity generation. The emissions savings (∆kg CO 2eq ) are based on replacing one kWh of coal with one produced with the given clean energy production method. Lifecycle greenhouse gas emissions of 0.888 kg CO 2eq /kWh for coal, 0.499 kg CO 2eq /kWh for natural gas, 0.085 kg CO 2eq /kWh for solar photovoltaics, and 0.026 kg CO 2eq /kWh for wind are assumed [82] . When lifecycle greenhouse gas emissions are used in the above calculation this means that the emissions from the technology's entire lifecycle are quantified through lifecycle assessment including the raw material extraction, manufacturing, use, and disposal as seen in the example for a wind turbine in Figure 2 [83] . The quantified lifecycle greenhouse gas emissions listed above for each technology are mean values from a review article that takes 21 studies into account and therefore provide a good estimate for the lifecycle emission values [82] . With any lifecycle assessment, however, there are assumptions made that lead to uncertainty in the results. These lifecycle emissions per kWh for each technology are recognized to be estimates for these calculations as actual emissions would vary based on many factors including the technology's specifications, transport distances, and location of their installation and use. 
Results and Discussion
The quantitative data gathered, and presented in Figures 3-8 below, are valuable for many applications, whether they be comparisons of the intensities between materials within a single technology, or of a single material across multiple technologies with the same function. These capture the inherent variability that exists in material intensities in clean energy technologies and provide data for material scarcity or supply issue predictions based on clean energy demand and adoption scenarios.
Clean Energy Production Technologies
The material intensity data aggregated into functional units of kilograms of material per kW of power capacity for the clean energy production technologies can be seen in Figure 3 . When reading these figures, it is important to note that a material with a greater intensity does not necessarily indicate that it is more problematic. For example, in Figure 3a , neodymium is seen to be used in much greater intensities in NdFeB magnets than terbium and dysprosium, however, terbium and dysprosium are "heavy rare earths" which are less abundant and more costly than neodymium [84] . When the costs of each material are taken into consideration along with the material intensities, each material contributes approximately 2.4-3.5% of the NdFeB magnet cost, showing that while there is large variation in material intensities between the three materials, their economic contributions to the permanent magnets are actually quite similar [85] . In addition to adding in economic considerations, the environmental impacts of each material may also be considered alongside the material intensities as well. For example, in the solar cases presented in Figure 3b , it may be important to consider that indium and tin typically have worse environmental impacts to human health and ecosystems than cadmium, and therefore just because they are found in lower intensities in CdTe solar panels does not mean that they have a lower impact [86] . Another important consideration is the variability in the data. For the superalloy coating on the gas turbine blades, shown in Figure 3c , a tight range can be seen in the data points (with a some overlapping) which is assumed to be due to the greater specificity of the technology being considered and the existence of fewer manufacturers. A nickel-based superalloy coating will likely have low variability in material intensity, especially as previous attempts to lower rhenium content have not been successful in maintaining the heat resistant properties [14] .
Figure 3.
Clean energy production technologies: (a) material intensity of direct drive wind turbines [2, 32, [40] [41] [42] [43] [44] 87] ; (b) material intensity of three types of photovoltaic solar panels [7, 22, [32] [33] [34] 88, 89] ; (c) material intensity of the superalloy coating used on gas turbines blades [11, 14, 47 ].
Low Emission Mobility Technologies
The material intensity data aggregated into functional units of kilograms of material per kWh of energy storage for the low emission mobility technologies can be seen for seven different Li-ion battery chemistries and NiMH batteries in Figure 4a ,b, respectively. Comparisons can be made with ease between the material intensities of the seven different Li-ion battery chemistries as the same four critical materials are considered in each. For example, cobalt is one of the more critical materials used in this technology; therefore, as seen in Figure 4a , LCO batteries which have a very high cobalt intensity relative to the other chemistries would be at much greater risk of impact from cobalt supply disruption than the other chemistries. Lithium can be seen to have very little variation between chemistries and while manganese and nickel do vary somewhat those materials have less criticality concerns. This draws out an important point in that material intensity is not the entire story and other metrics (be they performance, environmental, or criticality indicators) can be incorporated into these functional units to provide the user with different information. Because NiMH and Li-ion batteries have the same functional units it is possible to also compare between technologies, observing for example that nickel intensities are typically greater in NiMH batteries than any of the seven Li-ion chemistries. One trend that can be clearly seen in Figure 4a is the increasing nickel intensity and decreasing manganese and cobalt intensities from NMC111 to NMC622 to NMC 811. This is to be expected as the numbers following 'NMC' represent the ratio of Ni:Mn:Co. This trend is important because more Li-ion batteries are moving towards these newer lower cobalt intensity NMC622 and NMC811 chemistries in part due to the lower criticality of manganese and nickel [85] . Criticality reduction is not the only benefit of replacing cobalt with nickel, as nickel can provide lower toxicity and the potential to increase capacity, tap density, and volumetric energy density [90] . The material intensity data aggregated into functional units of kilograms of material per kW of power capacity for the low emission mobility technologies of PEM fuel cells and NdFeB permanent magnets in electric vehicle motors are shown in Figure 5a ,b, respectively. In fuel cells, the platinum intensities shown are from 2011 or later which is important because due to active dematerialization efforts, platinum group metal intensities have been reduced by approximately 80% in PEM fuel cells since 2005 [94] . For the permanent magnet motors, it is assumed that the large range in neodymium intensities found in literature could be partially due to the potential for praseodymium to be substituted for neodymium or vice versa [10] . 
Energy Efficency Lighting
The material intensity data aggregated into functional units of g-W/lumen-hr can be seen for the three types of efficient lighting devices in Figure 6 . Because the same seven materials are compared across all three bulb types, the material intensity comparisons in the given functional units can be made with ease. For example, one of the primary trends that can be seen in Figure 6 is the lower intensity of rare earth elements (Gd, La, Ce, Tb, Eu, and Y) in LEDs than in either of the fluorescent bulbs per the wattage input, and lumens and hours of output. This is mostly because of the utilization of less mass of rare earths per LED bulb, but is also magnified by the longer lifespan of LEDs when compared to fluorescents. The material intensity data, aggregated into functional units of g-W/lumens-hr-CRI can be seen for the CFL and LED bulbs in Figure 7 . Only these two cases are shown because the CRI value for fluorescents is the same for CFL and LFLs, and therefore those values would change by the same factor. The LED and CFL cases shown, however, are affected by the addition of the CRI values in the denominator of the functional unit, albeit very slightly. The CRI value averaged from literature is 76.2 for fluorescents and 81.1 for LEDs, as shown in Table 2 . By incorporating this factor into the denominator, the LED bulbs are given a very slight advantage over the CFLs as the incorporation of CRI output into the functional unit would lower it slightly, as compared to the above units in Figure 6 which do not incorporate CRI.
Emissions Savings Units
The emissions savings units are used to capture the environmental benefits of these clean energy production technologies in an adaptation of the previous functional units. The results can be seen in Figure 8 .
In Figure 8 , two factors are at play in the functional units displayed. The first is the difference in greenhouse gas emissions per kWh between the clean energy production technologies considered and coal. Natural gas has approximately 56% of the lifecycle greenhouse gas emissions of coal while wind and solar have approximately 3% and 10%, respectively [82] . These approximations are used in the calculation of the emissions savings functional units as described in the methods sections. The second factor that affects the functional units is the quantity of material utilized per kW of capacity of the technology. Therefore, when considering emissions savings per mass of material, the outcome may be a high emissions savings per mass of material due to either a low material mass per kWh, a high differential in GHG emissions per kWh, or a combination of these two factors. By referring back to Figure 3 , it is possible to differentiate between the two factors by seeing where low material intensities may be the largest contributing factor.
Figure 8.
Emissions savings units applied to the clean energy production technologies of direct drive wind turbines, three different types of photovoltaic solar panels, and gas turbines [2, 7, 11, 14, 22, [32] [33] [34] [40] [41] [42] [43] [44] 47, 82, [87] [88] [89] .
This study assumes the replacement of coal with the adopted clean energy technologies because it would make sense that the fossil fuel source with the greatest greenhouse gas emissions per kWh of electricity production would be the first to be phased out during the adoption of clean energy production technologies. However, it would produce different results, for example, if it was assumed that the clean energy production technologies studied were replacing electricity produced by nuclear that was being phased out. If replacing nuclear (at 0.029 kg CO 2eq per kWh) was assumed, then a very small emissions savings for utilizing wind, and negative emissions savings functional units (or increased emissions) for photovoltaic solar and gas turbine replacements would be realized [82] . There are, of course, other factors to consider when replacing one energy production method with another, including reliability, cost, and-for the case of nuclear power-significant legacy impacts from decommissioning. Decommissioning, along with the initial construction of nuclear power plants, actually account for the majority of the lifecycle greenhouse gas emissions associated with nuclear power [82] . While the greenhouse gas impacts of decommissioning are accounted for in the lifecycle units utilized in this study, the significant cost and safety issues of decommissioning a nuclear power plant-particularly stemming from handling the radioactive waste-are additional factors to be considered [98] .
The results would also change if only the generation phase emissions were considered (rather than lifecycle emissions). The majority of coal and natural gas emissions (approximately 86% and 88%, respectively) come from the generation phase, so there would be slight decreases in those numbers and zero generation phase emissions for the renewable solar and wind technologies [99] . If it was assumed that coal was replaced under the generation phase emission scenario, there would be very similar results to those presented in Figure 8 , with just slightly lower savings for the implementation of the clean energy technologies due to a slightly smaller differential. If, however, it was assumed that the clean energy technologies were replacing an average kWh in the United States or New York State electrical grids, at 0.46 or 0.21 kg CO 2eq per kWh, respectively, there would be reductions in generation phase emissions from wind and solar renewable energy technologies whereas the natural gas emissions from the gas turbine would actually produce an increase in emissions (or a negative functional unit kg CO 2eq savings/kg material) [100]. These are a few ways the units can be utilized to understand the environmental implications of critical material use in clean energy technologies, and as previously stated there are many other potential adaptations of the functional units from this study.
Economic Analysis
Levelized cost of energy takes into account all of the lifetime costs and divides them by the lifetime energy production (or discharge for storage technologies) to give a cost per kWh [101, 102] . In Figure 9 , the ranges in total critical material costs for each technology have been plotted against ranges in levelized cost of energy (LCOE). This means that for wind energy technologies, the range in total cost of the Nd, Dy, and Tb are plotted; for fuel cells, the range of Pt costs are plotted; and for Li-ion batteries, the figure shows the range in cost of Li, Co, Mn, and Ni across all seven Li-ion battery chemistries, illustrating a large range in critical material costs [85] . One important note is that the LCOE for offshore wind is much higher ($0.092/kWh) than onshore wind ($0.029-0.056/kWh) but both have been included in the overall range of LCOEs for wind in Figure 9 . All LCOE values are based off unsubsidized technology costs [101, 102] . Figure 9 . Critical material costs versus levelized cost of energy (LCOE) for three example technologies, wind turbines, fuel cells, and Li-ion batteries [85, 101, 102] . Note the wind turbine critical material cost values are plotted against the secondary y axis.
The values provided in Figure 9 are meant to demonstrate the general ranges in critical material costs and levelized costs of energy for each of the three example technologies. These metrics are impacted by a number of factors including location of installation, scaling of technology size, and the specific type of the technology. The fuel cell, wind, and Li-ion LCOEs provided are generalized for those categories of technologies. Overall, a lower LCOE and lower critical material cost is preferred. In terms of the range in critical material costs, that of fuel cells is expectedly the shortest due to the inclusion of only one critical material. The wind turbine critical material cost range shows more variation because the material intensity variation of three materials are being considered. Finally, the Li-ion battery critical material cost range is the largest, as it not only includes the material intensity variation of four materials, but across seven different battery chemistries as well. Wind turbines can be seen to have the lowest LCOE of the three technologies considered, as well as the greatest critical material costs. One impact of this is that while wind power may currently seem appealing due to its lower LCOE, that low LCOE could be raised unexpectedly if the critical material prices increase suddenly which has been known to happen in rare earth elements such as Nd, Dy, and Tb in the past [85] . As recently as 2011, Chinese export restrictions caused rapid price increases in rare earth elements [103] . If those same price spikes were to occur again today under current material intensities, the cost of the generator component of a direct drive wind turbine would increase by approximately 41% [85] .
Conclusions
This analysis provides the ability to compare and analyze performance indicators and environmental aspects of a wide range of clean energy technologies. As social, economic, and environmental sustainability concerns grow, the trend of considering broader implications of material selection beyond cost and functionality is becoming more common. The functional units discussed in this paper allow for the inclusion and comparison of metrics that consider environmental aspects of material use in technologies as well as the more traditional cost and functionality metrics. In addition, critical materials are commonly acquired through poor labor conditions, such as the improper recycling of critical materials from electronic waste in less developed countries, which can lead to health issues [104] . Cobalt mining in particular has been linked to funding conflict in the Democratic Republic of the Congo [105] . While this study does not delve into quantifying these social impacts, by quantifying critical material content in clean energy technologies, the technologies that demand more of these socially detrimental materials are identified.
Proactive design which considers the impacts of our material choices is necessary to not only ensure the uninterrupted development and implementation of clean energy technologies but also to ensure their social, economic, and environmental viability. In 2010, the US Department of Energy identified the material intensities of different clean energy technologies to be a "data gap" which has the potential to impede the ability of policymakers to understand the market situation and create strategies accordingly [31] . Providing data aggregation from across literature sources builds a more accurate range of the potential material intensities of clean energy technologies and better describes the inherent variation in material intensities that exists. This information is valuable for policymakers, as accurate data can allow for better characterization of markets and inform better decision making. 
